The pacemaker, Purkinje system and myocardium of the sheep heart were investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). In the case of SEM, the heart tissues were subjected to chemical digestion procedures. The nodal cells in both the sinoatrial (SA) node and atrioventricular (AV) node were small in size and contained few nexuses with poor sarcoplasmic reticulum and myofibrillar development.
Summary.
The pacemaker, Purkinje system and myocardium of the sheep heart were investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). In the case of SEM, the heart tissues were subjected to chemical digestion procedures. The nodal cells in both the sinoatrial (SA) node and atrioventricular (AV) node were small in size and contained few nexuses with poor sarcoplasmic reticulum and myofibrillar development.
These nodal cells were spindle-shaped and their ends often showed ramifications.
In addition, the strands of nodal cells in the central part of the AV node were considerably compact and connected with neighboring strands to form a complicated three dimensional architecture.
The muscle cells in the common bundle and Purkinje system were cuboidal or oval in shape and were broader and shorter than the working cardiac muscle cells.
They had abundant nexuses, but exhibited poor sarcoplasmic reticulum and myofibrillar development.
Three-dimensionally, the Purkinje strands formed a delicate network resembling a fishing-net.
The atrial and ventricular myocardium consisted of long cylindrical muscle cells which often bifurcated and connected with neighboring cells. These cells had abundant nexuses, rich sarcoplasmic reticulum and well-developed myofibrils. This report discusses such morphological findings in correlation with their physiological properties.
The mammalian heart consists of three separate functional components: an oscillator providing a source of electrical signal (the pacemaker), a system for transmission of the signal to various points (the Purkinje conduction system), and then a means of translating it into mechanical power (the atrial and ventricular myocardium). In general, the nature of living cells and cellular systems differs according to their specific physiologic functions; this is certainly the case with the pacemaker, Purkinje system and myocardium of the heart which show marked structural variations (TAWARA, 1906; DEWITT, 1909; HAYASHI, 1961; RHODIN et al., 1961; HAYASHI, 1971; SIMPSON et al., 1973; VIRACH and CHALLICE, 1973; NAKAMURA et al., 1986) . Attempts have been made to correlate physiologic properties with structural features (particularly in the AV node) in *This study was supported in part by a research grant from the Japan Heart Foundation .
that it has been suggested that the very slow conduction properties of the node correlate with its narrow cells, few nexuses, poor sarcoplasmic reticulum development and poor myofibrillar development (CHALLICE, 1971) . In addition to structural variations, it seems that the shape and arrangement of cardiac muscle cells are also important factors in determining physiologic functions in various regions of the heart. Although these have been studied by light microscopy, some details remain obscure.
Scanning electron microscopy (SEM), which enables a direct visualization of the three dimensional architecture of cells, is a useful approach for investigating the shape and arrangement of muscle cells in various regions of the heart.
The chemical digestion method has facilitated the study of the three dimensional architecture of the myocardium and Purkinje fibers (IzuMI et al., 1981; CANALE et al., 1983; SHIMADA et al., 1983 SHIMADA et al., , 1984 SHIMADA et al., , 1985 . The same digestion procedure, however, has failed to expose the specialized muscle cells in the AV node and common bundle because these lie at the base of the interatrial septum to the endocardium.
The SA node, AV node and common bundle can still be grossly dissected (WALLS, 1945; WIDRAN and LEV, 1951; JAMES, 1961 JAMES, , 1962 , and in the present study, the specialized muscle cells in the SA node, AV node and common bundle were exposed by dissection followed by the HCl-treatment.
The characteristic architecture of the muscle cells in the various regions of the sheep heart has then been studied not only by SEM but also by TEM in order to understand the functional morphology of the conduction system and the myocardium.
MATERIALS AND METHODS
Fifteen adult sheep of both sexes weighing 30-40 kg were employed in the present study. The hearts were removed from the animals, washed in physiological saline and placed in cacodylate buffered (pH 7.4) 2 % paraformaldehyde and 2.5% glutaraldehyde (Karnovsky's fixative).
Tissue blocks were then taken from the regions containing the SA node, AV node, common bundle, moderator band, false tendons, terminal Purkinje fibers, atrial myocardium and ventricular myocardium, respectively. The SA node, AV node and common bundle were grossly dissected according to the procedures by WALLS (1945) , WIDRAN and LEV (1951 ) and JAMES (1961 , 1962 .
For TEM, the individual specimens were fixed in Karnovsky's fixative at 4°C for 2 hr. They were then dehydrated in an ethanol series of ascending concentrations and embedded in epoxy resin. Thin sections were doubly stained with uranyl acetate and lead citrate.
Sections were examined in a JEM-100OX or LEM-2000 electron microscope, and pictures were taken at original magnifications of 330-20,000 times.
For SEM, the specimens were immersed in Karnovsky's fixative at 4°C for 2 hr or more. In order to expose the stromal surface of the working and specialized cardiac muscle cells, the specimens were subjected to chemical digestion procedures (EVAN et al., 1976; SHIMADA et al., 1983) . Tissue blocks containing the SA node, AV node and common bundle were treated with 8N HC1 only at 60°C for 20-30 min. Other tissue blocks were first immersed in 4-5% sodium hydrochloride solution for 40-90 sec. After a brief rinse in distilled water, they were placed in 8N HC1 at 60°C for 20-30 min. Such a digestion procedure can lead to the effective removal of both the endocardial endothelium and extracellular material.
The fixed and digested tissues were washed in physiological saline containing 2 % Tween 20, postfixed in cacodylate buffered 2 % osmium tetroxide, dehydrated in an ethanol series of ascending concentrations and then dried by the critical point method. After the specimens were sputter-coated with gold, they were viewed in a JSM-25 or HFS-II scanning electron microscope.
RESULTS

Sinoatrial node
The SA node of the sheep heart is located at the junction of the superior vena cava with the right atrium. KAWAMURA (1961) and TRUER et al. (1967) made an excellent three dimensional reconstruction of the nodal muscle cells based on accumulative two dimensional images.
In the present study, however, a direct visualization of the three dimensional characteristics of the nodal cells was made possible with SEM. In the SA region, three types of muscle cells could be found: typical nodal cells (pacemaker cells), transitional cells and atrial myocardial cells (Fig, 1) .
The nodal cells were the smallest of the three cell types, being about 7-8 pm in axial diameter.
They were more spindle-shaped and their ends often showed undulations and ramifications (Fig. 2, 3 ). On the stromal surface, small irregular wrinkles were found. The cells ran roughly parallel, usually meeting end-to-end (Fig. 4) , but occasional end-to-side or side-to-side interdigitations were observed. Desmosomes with an irregular distribution were generally sparse and nexuses rare (Fig. 4) . Further TEM observations revealed that the nodal cells had elongated nuclei, a moderate amount of myofibrils and abundant glycogen. There were no T-tubules.
The strands of nodal cells were linearly oriented, connecting with one another to form a somewhat intricate network (Fig. 1, 2 ). In addition, numerous nerve fibers were found in the SA node.
The second type of cell was the transitional cell, intermediate in size between the typical nodal cell and atrial myocardial cells. Such cells became progressively more cylindrical and contained more abundant organelles and myofibrils than the nodal cells, but less than the atrial myocardial cells. The third type of cell, the atrial myocardial cell will be described later.
Atrioventricular node
The AV node of the sheep heart was located at the base of the interatrial septum deep to the endocardium. It had a compact, ovoid shape and was composed of a cluster of nodal cells. The nodal cells were small in size, measuring about 7-8 pm in axial diameter.
They were spindle-shaped with small wrinkles on the stromal surface and ramifying ends (Fig. 5, 6 ). The individual nodal cells generally ran parallel although the arrangement and density of the strands of the nodal cells varied somewhat with the regions. The strands formed a relatively loose muscular network at the atrial periphery of the node, and became more compact in the central region (Fig. 5) . This compactness continued to the nodal-His region. Although the strands were mainly arranged parallel to the long axis of the node, they often ramified profusely and connected with neighboring strands, particularly in the central region (Fig. 5, 6 ). In TEM, nodal cells were observed usually to meet end-to-end, with an occasional side-to-side or end-to-side junction (Fig. 6 ). Desmosomes were sparse and nexuses rare. The cells possessed polygonal nuclei, moderate myofibrils and abundant glycogen.
There were no T-tubules.
Numerous nerve endings with clear or cored vesicles were in close contact with the nodal cells. as showed in the ferret common bundle (MARINO,1980) (Fig. 7) . TEM observations revealed that the bundle cells met primarily end-to-end, although side-to-side contact was also observed.
Nexuses were relatively abundant (Fig. 9) . Further, few Purkinje system
The common bundle continuous with the AV node traveled in the general direction of the ventricular septum. Upon reaching the septum, it divided into a right and a left branch. These branches descended down the ventricular septal walls, becoming the Purkinje system.
In the moderator band and false tendon, the Purkinje cells were large in size and cylindrical in shape. Moreover, the strands of Purkinje cells ran parallel but often branched and anastomosed with each other. The Purkinje cells in the terminal ramifications were generally oval in shape and limited by narrow clefts (Fig. 11) . Similar intercellular clefts have been also observed in the goat and cow Purkinje cells by SEM (THORNELL, 1975; SHIMADA et al., 1983) . Three-dimensionally the Purkinje strands formed a delicate network resembling a fishing-net (Fig. 10) . Terminal ramifications of the Purkinje system came into close contact with the ordinary ventricular muscle cells (Fig. 12) . In TEM, muscle cells in the Purkinje system were characterized by their large cytoplasm volume; the myofibrils were distributed preferentially in the periphery, similar to the cells in the common bundle. Nexuses were abundant compared with those present in cells of the SA and AV nodes.
Atrial and ventricular myocardium
Working cardiac muscle cells were generally long and cylindrical in shape. Although usually arranged parallel, the cells often bifurcated and connected with adjacent cells to form a complex three dimensional architecture (Fig. 12, 13) . A prominent periodic banding was evident on the sarcolemma. The ventricular muscle cells were larger in diameter than the atrial ones. Muscle cells were typically connected to one another end-to-end at the intercalated disks, although occasionally they were also connected side-to-side along the lateral suface (Fig. 14) . Both atrial and ventricular muscle cells were characterized by a dense network of sarcoplasmic reticulum, abundant large mitochondria, well-developed myofibrils and abundant nexuses. The T-system, although extensive in ventricular cells, was much less prominent in atrial cells.
DISCUSSION
It has been suggested by several investigators that the size of the muscle cells of the heart and their intracellular components are closely related to their physiologic properties. The velocity of propagation of an action potential is slower in both narrow muscle fibers (KATZ, 1948) and in the absence of nexuses (BISHOP and COLE, 1967) . Furthermore it has been demonstrated that the sarcoplasmic reticulum represents a storage site for Ca ++ ions (LEGATO and LANCER, 1969) and can pump Ca ++ ions against a concentration gradient (WEBER et al., 1964) . In electrophysiologic studies, both the SA and AV nodes exhibit very slow conduction properties and belong to slow cardiac fibers, while the common bundle, Purkinje fibers and myocardium have fast conduction properties and belong to fast cardiac fibers (CRANEFIELD et al., 1972) .
The present morphological studies have shown that the nodal cells in both the SA node and AV node are smaller in size than other cardiac muscle cells and contain few nexuses, with poor sarcoplasmic reticulum and myofibrillar development.
In addition, In contrast, most of the muscle cells in common bundle and Purkinje system are cuboidal in shape and are broader and shorter than the ordinary ventricular muscle cells. They have an abundant number of nexuses, but contain poor sarcoplasmic reticulum and myofibrillar development. They usually meet end-to-end in addition to their sideto-side contact, being limited by narrow irregular clefts. The common bundle and Purkinje system are a system for the transmission of electrical signals to the various points of the heart. The atrial and ventricular myocardium consists of long cylindrical muscle cells which often bifurcate and connect with neighboring cells. These muscle cells typically meet end-to-end, with occasional side-to-side connections, and have abundant nexuses, rich sarcoplasmic reticulum and well-developed myofibrils.
It can therefore be suggested that the shape and composition of the cardiac muscle cells in the three different regions of the heart correspond to their diversified functions.
In the conduction system of the heart, the AV node is a narrow neck of muscular tissue. It is well known that the conduction delay occurs in this node. The AV node in the mammalian heart is richly supplied with cholinergic nerves (THAEMERT, 1970; HAYASHI, 1971; YAMAUCHI, 1973) . Some physiologists have suggested that this conduction delay may be related to the complicated histological structure of the node which provides a complex route of conduction (TAKAYASU et al., 1967) . The present study combining SEM with TEM demonstrates that the strands of spindle-shaped nodal cells are compact in the central part of the AV node, but ramify profusely and connect with neighboring strands to form a complicated three dimensional architecture. The strands of specialized muscle cells in the SA node and common bundle also ramify, though not to the same degree.
It is therefore likely that the conduction delay in the AV node may be caused by the complicated architecture of the nodal cells.
